The detection of re ection{ and crosstalk{e ects during the design of complex printed circuit boards is very time consuming if it is based on an accurate simulation of the voltages at the inputs and outputs of all transmission lines. A division of the complete analysis process into a fast and approximative preanalysis and the following accurate simulation of those nets, which have been classi ed to be probably critical, can speed up the whole procedure. In this paper a fast method for the determination of the voltages at all terminations of coupled transmission line systems is presented. It is working in the frequency domain and it can be used for a fast preanalysis of complex PCBs with respect to re ection and crosstalk e ects. The dynamic behaviour of a transmission line system is described by a frequency dependent transfer matrix, which is calculated with a Pad e Approximation. Therefore, the calculation of the eigenvalues and eigenvectors of the system is not necessary. The symmetry of the inductance and capacitance matrices of the transmission line system and a fundamental property of the matrix exponential were used to develop and implement an e cient algorithm.
INTRODUCTION
Increasing demands on circuits and printed circuit boards result in a higher complexity, increasing clock rates, and faster component technologies. Therefore, the probability of EMC{e ects like re ection and crosstalk during the operation of modern electronic equipment is very high. To ensure an error{ free operation of electronic systems the consideration of these e ects has to be required during the design and the development. Furthermore, to reduce the number of redesigns and the time to market it is necessary to detect and to handle these e ects in an early design stage. The reasons for re ections which may cause not allowable voltage levels and functional errors are among other things transmission line discontinuities and of course mismatched terminations. Crosstalk problems may occur if two or more transmission lines have been routed parallel over a long distance. It is caused by the electromagnetic coupling and may lead to functional errors, which are di cult to detect by measurement techniques, because mostly they are state dependent. An intensive study of both e ects has shown that they cannot be handled separately. This fact makes the analysis of PCBs more complicated and time consuming.
As the time for commercialization of innovative products becomes shorter and shorter, also the development time has to decrease. Therefore, the noise e ects described above have to be considered during the design of printed circuit boards. Their detection and the necessary reduction to non{disturbing as well as not critical levels require special simulation methods.
REFLECTION AND CROSSTALK ANALYSIS
As mentioned above, an accurate simulation of reection and crosstalk e ects is very time consuming because these e ects can only be simulated together. Furthermore, the consideration of the nonlinear behaviour of the input and output gates of digital components requires special time domain simulation methods.
To reduce the total e ort and the necessary analysis time, the complete analysis process can be subdivided into a fast and approximative preanalysis and an accurate simulation of those subnets which have been classi ed to be probably critical within the preanalysis process. Therefore, it is the goal of the preanalysis to reduce the high number of nets to be simulated by an appropriate classi cation into probably critical nets and guaranteed not critical ones. As in general arbitrary structured nets have to be analysed, this classi cation should be done on the basis of an approximative calculation of the voltages at all termination networks.
In recent years di erent approaches were introduced which cannot be used in general within an automatic preanalysis process because their simplifying assumptions are too restrictive. Jarvis 6] presented an analysis, which is limited to a nite set of terminations. Furthermore, the rise and fall time of the signal have to be larger than twice the propagation delay of the transmission line system. The approach of De Falco 3] is limited to two coupled transmission lines with di erent terminations. The correlation between the rise and fall time and the propagation delay is equal to that given in 6]. Very simple transmission line structures can be analysed with a method developed by Canright 2] . The only restrictions for the rise and fall time of the signal are, that they have to be equal.
A method which does not need the restrictions described above was given by John and Schrage 10]. It has been developed for analysing systems of two transmission lines with two coupled and three not coupled areas. By an appropriate parametrization of this transmission line structure many real con gurations can be analysed. An extension of this method for being able to handle arbitrary structured nets is theoretically possible, but it will need a high analytical e ort, because the modelling and handling of arbitrary nets require the devlopment and an analytical description of global netstructures in a way, that each real net con guration can be reproduced by an appropriate parametrization.
An automatic preanalysis within an EMC{adequate design process should not be limited by any restrictions to transmission line structures or terminations like those ones given above. Any arbitrary con guration has to be calculatable. To satisfy these requirements the preanalysis should be divided into four phases: extraction of the transmission line structure, mapping of the transmission line structure on a system of coupled and not coupled areas (modelling), approximative determination of the voltages, and classi cation of all nets.
In the case of complex PCB designs, the extraction of the transmission line structure is solely e cient by using appropriate CAD tools which are able to extract the EMC{relevant data from the layout data set as introduced by John 7] .
As the presented method is based on the transmission line theory, the transmission lines must not be described by their three dimensional geometry, but they can be handled by appropriate models which consist only of capacitive and inductive elements, if lossless arrangements are assumed. For arbitrary cross{sections of PCBs, these parameters can be calculated solely by numerical methods. As also for this task a short computation time is required, tools which are based on the Boundary Element Method as described by Remmert et al 12] , should be used.
MODELLING
As mentioned above, precondition for the presented method is the validity of the transmission line theory. This means that the longitudinal components of the eld strengths can be neglected in comparison to the transversal ones. This kind of wave propagation is called quasi{TEM wave propagation. Another precondition is, that the in uence of discontinuities of transmission lines like vias and edges can be neglected. Furthermore, all termination networks are assumed to have approximately a linear behaviour.
Modeling of Transmission Lines
Using these assumptions and preconditions, every transmission line structure on a printed circuit board can be described by a very simple model which consists only of coupled and not coupled homogeneous areas. The i{th area is characterized in the case of a coupled one by its length l i and its capacitance and inductance matrix C 0 i and L 0 i and in the case of a not coupled area by the lengths l i;j or the diagonal matrix L i (L i = diag (l j;i )) respectively, and the capacitance C 0 i;j and the inductance L 0 i;j per unit length ( gure 1). Each homogeneous area of the structure model can be described in general by a system of N coupled lossless transmission lines.
The voltages u n and the currents i n (n 2 I N) at an arbitrary location on the transmission line system have to ful ll the following system of partial di erential equations:
where K 0 i;j are the capacitances and L 0 i;j are the inductances per unit length of the transmission line area. ) which is given by the matrix exponential of the system matrix, multiplied by the length of the transmission line area:
Modelling of the Termination Networks
As the presented method is working in the frequency domain, a linear behaviour of all components is assumed. Taking into account, that a fast preanalysis requires a short computation time, the input and output behaviour of digital components have to be modeled by only a few components. For a rough simulation the models can consist of a capacitance and a resistance and in the case of an output of an additional voltage source ( gure 2). This equivalent circuit can be described by the following equations.
During the preanalysis process the input and output models have to be parametrized by technology dependent values.
COMPUTATION OF THE VOLTAGES
The computation of the voltages at the inputs and outputs of the components requires the solution of equation (5) or (7) respectively, for di erent frequencies. The necessary matrix exponential can be calculated exactly by the corresponding eigenvalues and eigenvectors. Furthermore, this matrix can be computed by approximative methods using appropriate power series. Using such methods, the knowledge of the eigenvalues and eigenvectors is not necessary, which may be an advantage if there are multiple eigenvalues. This is always given for a transmission line area within an homogeneous medium.
As the inductance and capacitance matrices are symmetric,
the product of these matrices has an important property:
? L 0 C 0 T = C 0 L 0 :
(10) This can be exploited for calculating the required solution of (5). The matrix exponential has a very simple structure which can be used to develop fast methods for its calculation. Using the corresponding Taylor 
and equation (10), the powers of the system matrix can be distinguished into odd and even ones. In equation (17) 1 2 3 4 5 6 7 8 9 10 In the case of a not coupled transmission line system the coupling capacities and coupling inductivities are zero and so, L 0 and C 0 are diagonal. Therefore, the required submatrices B 1 and B 2 can be calculated directly: (17) or (21) and (22) As the numerical calculation of trigonometric functions needs much more computation time than numerical multiplications, also in the case of not coupled transmission line areas the method described in (23), (24), and (25) for computing the higher frequency matrices should be used.
Transfer Matrix of a System of Coupled Transmission Lines
In this section the procedure for computing the voltages (in the fequency domain) at all termination networks is shown for a system of two multiple coupled transmission lines. The transfer matrix of the complete transmission line system is obtained by computing the product series of all transfer matrices of each homogeneous area. Again the block structure of the matrices can be used to simplify and fasten the calculations.
Here n (j!; l n ) is the transfer matrix of the n{th area with the length l n . The correlation between the voltages and currents at the beginning and the end of a system of transmission lines is given by
The consideration of the termination networks leads with (8) 
NUMERICAL EXAMPLE
In this section a system of two coupled transmission lines which has been extracted from a real PCB design will be analysed. The results are compared to those obtained by using the time domain simulator FREACS 8]. The structure model of the transmission line system which consists of three homogeneous areas is shown in gure 6. The corresponding parameters were calculated using 12, 9] and are given in the tables 1 and 2. Line 1 is active while line 2 is assumed to be passive (low pegel). The trapezoidal voltage of the active sender is shown in gure 7 and the parameters are given in table 2.
It was approximated by a Fourier series with 20 coe cients. The period time was chosen to be 40 ns. The simulation results shown in the gures (8), (9), (10) , and (11) have been obtained by using the Pad e Approximation of the matrix exponential as described before.
Nevertheless, a small number of Fourier coe cients has been considered, the results obtained by using this method agree very well with those obtained by using FREACS. The maximum and minimum values of all voltages are approximated very well. The analysis of this con guration with the presented method requires solely 25 % of the computation time which is necessary using FREACS.
The numerical e ort depends substantially on the structure of the transmission line system which is determined by the number of homogeneous areas. The consideration of more than one active transmission line requires no appreciable increase of e ort. The accuracy of the results depends solely on the number of Fourier coe cients which are necessary to approximate the trapezoidal voltage sources. It is obvious that this quantity depends on the rise (t r ) and fall time (t f ) of the assumed signals. It has to be considered that an increase of the number of Fourier coe cients requires only additional matrix multiplications to compute the submatrices of the transfer matrix for the additional frequencies.
CONCLUSION
In this paper a numerical method has been presented which can be used within a fast re ection{ and crosstalk{preanalysis for the computation of the voltages at all terminations of the examined transmission line system. A submatrix formalism and the symmetry of the inductance and capacitance matrix have been exploited to develop and implement an e cient algorithm which has been optimized with respect to the computation time and the required memory.
The comparison of obtained results with that of other methods shows a very good agreement while less computation time is necessary. The presented method is applicable to each transmission line structure. Furthermore, there are no restrictions with respect to the transmission line parameters and the rise and fall time of the expected signals. Therefore, it can be used within an automatic preanalysis process of complex printed circuit boards.
